Transcription of bacteriophage Mu occurs in a regulatory cascade consisting of three phases: early, middle, and late. The 1.2-kb middle transcript is initiated at P. and encodes the C protein, the activator of late transcription. A Mu is a temperate phage that is capable of growth in several species of enteric bacteria, including Escherichia coli K-12 (for reviews, see references 41 and 52). Its lytic development is controlled by a regulatory cascade involving three phases of transcription: early, middle, and late (36). The production of phage particles requires the host RNA polymerase throughout the lytic cycle (55).
Mu is a temperate phage that is capable of growth in several species of enteric bacteria, including Escherichia coli K-12 (for reviews, see references 41 and 52) . Its lytic development is controlled by a regulatory cascade involving three phases of transcription: early, middle, and late (36) . The production of phage particles requires the host RNA polymerase throughout the lytic cycle (55) .
Early transcription, which reaches a maximum 4 to 8 min after induction, initiates at P, (located 1 kb from the Mu left end [30] ) and terminates 7 to 8 kb downstream, possibly at t92 (36, 51, 59, 61) . The early transcript encodes a number of proteins including A and B, which are involved in integration and replicative transposition (56, 59, 60) , and Ner, which negatively regulates the level of early transcript during lytic growth (56, 57, 59) . Early transcription does not require Mu protein synthesis or DNA replication (36, 59, 61) . Late transcription begins 10 to 12 min after induction and increases until lysis at 45 to 60 min (36, 50, 59) . The Mu C gene product serves as an activator for E. coli RNA polymerase-dependent transcription from four late promoters:
Pjs, PI, Pp., and Pmom (5, 34, 35, 50) . These late transcripts encode the genes involved in phage morphogenesis, DNA modification, and cell lysis (5, 24, 26, 36, 50, 59) .
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TRANSACTIVATION OF THE Mu MIDDLE OPERON 6643 from Amersham), which was made blunt ended and cloned into the HincII site (L. Chiang, personal communication).
The presence of laclq allows repression of Pacuvs-driven transcription and induction by IPTG. The vector pGEM-3Z (ColEl replicon) from Promega has SP6 and T7 promoters flanking the multiple cloning site region and oriented to allow transcription of cloned inserts. The plasmid pGP1-2 (P1SA replicon) carries the T7 RNA polymerase gene under the control of the A PL promoter and the gene for the temperature-sensitive X c1857 repressor which regulates PL expression (53) . The plasmid pKN50 contains a 9,400-bp EcoRIBamHI fragment (Mu coordinates 5.1 through 14.5; Mu coordinates indicate distance from the Mu DNA left end in kilobases) cloned into EcoRI-BamHI-cut pBR322 (33) . The plasmid pWM1 is an NruI deletion derivative of pKN50; it contains an EcoRI-NruI fragment of Mu DNA (Mu coordinates 5.1 through 10.9 [33] ). The plasmid pWM6, aPvul-SalI deletion derivative of pKN50, contains a 5,639-bp EcoRIPvuI fragment of Mu DNA (Mu coordinates 5.1 through 10.7 [33] ). The plasmid pWM15 is a pGEM-3Z derivative containing a 515-bp HpaI-XmnI fragment of Mu DNA (Mu coordinates 9.946 through 10.461 [34] ) that expresses the C protein.
Plasmid constructions and manipulations. Large-scale plasmid preparations for DNA sequencing and cloning were made by using minor modifications of an alkaline denaturation method (Promega Protocols and Application Guide) based on that of Birnboim and Doly (4) . Modifications involved the use of acid rather than neutral phenol-CHCl3 extraction and deletion of the RNase, CHCl3-isoamyl alcohol extraction, and polyethylene glycol precipitation steps. For DNA sequence analysis the DNA was treated with RNase (4) and acid-phenol extracted before use.
Plasmid minipreparations were made from 1.5 ml of overnight culture by using minor modifications of the method of Birnboim (3; Kalai Mathee, M.Sc. thesis, University of Malaya, Malaysia, 1986). The modifications involved direct phenol-CHCl3 extraction of the potassium acetate-formic acid mixture followed by ethanol precipitation; the ethanol precipitate was used without further purification.
The rubidium chloride-dimethyl sulfoxide method of Kushner (31) was used for transformation of intact plasmids. The prolonged CaCl2 incubation method of Dagert and Ehrlich (12) was used for transformation of JM109 with ligated DNA mixtures during plasmid constructions.
Plasmids were constructed as follows: (i) pKM4. A 1,759-bp AccI fragment (Mu coordinates 8.984 through 10.741) containing the C operon from pWM6 (33) was cloned into the AccI site of pGEM-3Z, placing the C operon under T7 promoter control.
( (vi) pKM54. The 3,906-bp ClaI fragment (Mu coordinates 6.831 through 10.737) from pKN50 was cloned into the AccI site of pGEM-3Z, destroying the AccI site.
(vui) pKM56. An NheI linker (CTAGCTAGCTAG) was cloned into the unique EJ7 AccI site of pKM52 after treatment of AccI-cleaved DNA with Klenow polymerase.
(viii) pKM58. A 1,750-bp HindIII fragment from pKM52 was cloned into the HindIII site of pLC2, placing E16 and E17 under PIacUvS control.
(ix) pKM67. The ends of a 728-bp BglI-HindIII fragment (Mu coordinates 8.735 through 9.421) from pKM52 were made blunt with Klenow polymerase, and the fragment was cloned into the SmaI site of pKM47, generating pKM66 containing E17 under T7 promoter control. Then a HindIII linker was inserted at the filled-in SacI site of pKM66, creating pKM67.
(x) pKM70. An NheI linker was cloned into the AccI site in pKM54 after cleavage and filling in with Klenow polymerase.
(xi) pKM71. An NheI linker was cloned between the ends of the large AccI-BamHI fragment of pKM52 after treatment with Klenow polymerase, recreating the BamHI site and placing E16 and a truncated EJ7 under T7 promoter control.
(xii) pKM75, pKM78, and pKM79. HindIII fragments isolated from pKM56 (1,764 bp), pKM67 (773 bp), and pKM71 (1,338 bp) were cloned into the HindIII site of pLC2 to give rise to pKM75, pKM78, and pKM79, respectively, placing the EJ6-E17 region fragments under PlacUv5 control.
(xiii) pKM81. An NheI linker was cloned into the unique E17 AccI site in pKM67 after AccI cleavage and treatment with Klenow polymerase. P-Galactosidase assays. Samples of 1.5 to 2.0 ml were used to assay optical density at 600 nm and P-galactosidase. A 0.2-ml sample of each culture was transferred to a tube containing 50 ,ul of 0.1% sodium dodecyl sulfate and 25 ,ul of chloroform, vortexed for 15 s, and maintained on ice for at least 20 min but no more than 50 min. After preequilibration at 28°C for 5 min, -galactosidase activities were assayed in duplicate, essentially as described by Miller (38) , with a Gilford model 250 spectrophotometer.
Bacteriophage growth and mor mutant isolation. Mu cts62 and its derivatives were prepared by heat induction of lysogens (MH3016, MH2853, MH9898) as described previously (25) . XpMu transducing phages were prepared by infection of MH5807 as described previously (39) .
To recombine the mor::NheI linker insertion mutation from pKM70 into Mu, we spotted _107 Mu cts62 Cam1966 phage on lawns of Su' cells containing pKM70 (MH9848) on LB plates and incubated overnight at 32°C to generate a predominantly lysogenic population. That population was grown overnight at 32°C in L broth with ampicillin, inoculated into SBMg, and grown with shaking at 320C to approximately 2 x 108 cells per ml. After 10-fold concentration by centrifugation and superinfection with Mu cts62 Cam1966 at a multiplicity of infection of 5 for 15 min at 37°C, the cells were heat induced by 100-fold dilution into fresh medium and shaken at 42°C for 60 min, 5 mM EGTA [ethylene glycol-bis(P-aminoethyl ether)-N,N, N', N'-tetraacetic acid] (6) and 10 mM MgSO4 were added, and shaking was continued until cell lysis. The lysate was then centrifuged at 12,000 x g for 30 min to remove cell debris, transferred to a new tube, and centrifuged for 3 h in an SS34 rotor at 12,000 x g to pellet the phage. The pellet was suspended in 0.5 ml of SM (22) containing 5 mM EGTA.
The purified phage were treated with DNase I and RNase at 1 ,ug/ml for 30 min at 37°C, pronase (1 mg/ml) was added, and incubation was continued for 60 to 90 min. After the addition of 1% sodium dodecyl sulfate and 5 mM EDTA, the phage were heated to 65°C for 5 min and cooled on ice for 10 min. The DNA was isolated by acid phenol-chloroform (27) extraction and ethanol precipitation with 0.8 M ammonium acetate. The pellet was suspended in 100 p1l of water, yielding approximately 100 ,ug of DNA.
Protein radiolabeling and detection. Labeling was done essentially as described by Margolin and Howe (34) . Cells grown in L broth containing appropriate antibiotics were washed, suspended, and grown in 1 ml of T7 labeling medium for 1 h. After heat induction at 42°C for 15 min, 200 ,ug of rifampin was added to shut off host mRNA synthesis. After 20 min of incubation for mRNA turnover, the cells were pulsed for 5 min with 10 ,uCi of [35S]methionine (1, 200 Ci/mmol). The samples were then boiled in cracking buffer and subjected to sodium dodecyl sulfate-12.5% polyacrylamide gel electrophoresis (34) . The proteins were detected by autoradiography (34) .
RESULTS
Previous studies of middle transcription involving S1 mapping and hybridization of radiolabeled capped RNA to Southern blots indicated that middle transcription is activated approximately 25-fold by replication (50, 51) . The absence of detectable leader transcripts suggested that this regulation occurs at the level of initiation at Pm (50, 51 (Fig. 3) (Fig. 4) . This level of ,-galactosidase expression was more than 100 times higher than that observed from the Pm-IacZ fusion after IPTG induction of the pLC2 vector plasmid. Transactivation was abolished upon insertion of an NheI linker into the AccI site in E17 (pKM75) or NheI linker insertion and deletion of the region downstream from the AccI site (pKM79) (Fig. 4) (14) . This algorithm identifies regions of similar sequence and then scores the aligned residues in those regions by means of an amino acid replaceability matrix, giving higher scores to identical residues and to amino acid replacements that occur frequently in evolution. Proteins with initial scores of greater than 50 and optimized scores between 100 and 300 are believed to be related to each other (32) . The Mu C protein, the activator of Mu late transcription (20, 21, 33) increases to 55% if chemically similar amino acids are included and to 74% if evolutionarily allowed amino acid replacements are included (Fig. 6) . One notable feature of these amino acid sequences is the high concentration of acidic residues in the NH2-terminal region and basic residues in the COOH-terminal region of both proteins (Fig. 6) .
Since previous analysis of C by the FASTA algorithm demonstrated some similarity to Arc (W. Margolin, Ph.D. thesis, University of Wisconsin, Madison, 1989), a DNA binding protein of phage P22, and a member of the Arc-Mnt family of DNA binding proteins (7, 8, 28) , Mor was also examined for similarity to Arc. In the 28-residue region where C and Arc exhibited 14 identical or chemically similar amino acids (residues 25 through 52 of C and 8 through 35 of Arc), Mor and Arc had only 9. The latter weak similarity is of questionable significance.
Analysis of the predicted protein structure by the algorithms of Chou and Fasman (11) and Garnier et al. (18) (UWGCG programs [14] ) revealed several possible regions containing sequential helix-turn-helix or helix-loop-helix structures but none with the characteristic spacing or consensus amino acid sequences of the characterized motifs in DNA binding proteins (2, 9, 40) . Since Bolker et al. (5) detected a potential helix-turn-helix motif in C by use of a statistical comparison of amino acids to those in the helixturn-helix domain of a master set of DNA binding proteins, we examined the analogous region of Mor (Fig. 6 ) by similar methods. With the statistical approach of Dodd and Egan (15) , these regions of Mor and C scored 1,340 and 1,776 respectively, as compared with scores of 1,716 to 2,968 for their master set of helix-turn-helix proteins. With the alternative approach of Brennan and Matthews (9) , Mor and C scored 0.82 and 0.85, respectively, as compared with 0.65 to 0.75 for their master set. Thus, by these analyses Mor received scores placing it close to but just outside the scoring range judged likely to indicate helix-turn-helix DNA binding character. Since neither of the protein structure algorithms predicted helix-turn-helix structure in this region, the significance of the minimal similarity to this DNA binding motif is unclear. When searches for zinc finger (16) To assess more completely the effect of the mor mutation on Mu growth, we then assayed the kinetics of lysis and phage burst sizes after heat induction of lysogens. Lysis of the mor lysogen was reproducibly delayed about 50 min relative to that of the mor+ control, which lysed between 40 and 50 min after induction (Fig. 7) . A Cam lysogen assayed in parallel showed no detectable lysis over a 2.5-h period. Phage burst sizes were 418 for the mor+ control, 72 for the mor mutant, and <0.0002 for the Cam mutant. Roughly similar lysis times and burst sizes were obtained for a second mor recombinant phage (data not shown). Therefore, the mor mutation delayed and reduced Mu growth, but burst sizes approximately one-fifth of the normal level were still obtained. Both the mor mutant and mor+ control phage gave similar, normal lysis kinetics and burst sizes when grown in the presence of Mor (from pKM67) (data not shown).
The plating efficiency of the Mu mor phage on a Mor-host containing a plasmid expressing either C (MH9240; The amino acid sequences were aligned using the FASTA algorithm (32, 42) (44, 45) . If Mor is found to possess DNA binding activity, it will be interesting to determine the amino acids and protein structure involved, since Mor exhibited only minimal similarity to the helix-turnhelix DNA binding motif (9, 40) or the DNA binding region of Arc (7) and no similarity to the zinc finger (16), helix-loophelix (2), or leucine zipper (58) a Lysates derived by heat induction of permissive hosts MH3016 (cts62), MH2853 (cts62 Cam1966), and MH9898 (cts62 mor7679) were titered on TCMG plates (and LB plates for MH7295) on the indicated hosts and on strains MH9865(pGP1-2)(pKM67) and MH9238(pKM4). The efficiencies of plating for Mu cts62 and Mu cts62 Cam1966 lysates were calculated relative to the titer on the permissive host MH5807; those for Mu cts62 mor7679 were calculated relative to the titer on the Mor+ host MH9859. Efficiency of plating values observed on the high-level Mor expression host MH9865 were similar to those on the lower-level Mor expression host MH9859; values observed on MH9238 containing the entire middle operon were comparable to those on MH9240 containing only the C gene.
b All plaques observed were extremely small, pinpoint-sized plaques.
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The striking similarity in amino acid sequence between C and Mor raises the question as to whether Mor could substitute for C or vice versa. Although we have not addressed this question in a comprehensive way, the absence of growth of the C amber phage in the presence of Mor (Table 3 ) and the absence of P-galactosidase expression from all four C-dependent late promoter-lacZ fusions in the presence of Mor (data not shown) both suggest that Mor cannot substitute for C in activating late transcription. Consistent with the absence of detectable homology in the Pm region to either the proposed Mu late promoter consensus sequence (35, 49, 51) or the region to which C binds in Pom. or Po.s (5) , C was unable to substitute for Mor in activation of the Pm-1acZ fusion (data not shown). Thus, although the C and mor genes are likely to be evolutionarily related, they have diverged in their promoter specificity.
